Industrial activity can cause pollution problems in soils and groundwater. This type of 3 pollution has a complex impact and any evaluation of this issue must take into account 4 numerous factors including, the physicochemical properties of the pollutants and the 5 geological and chemical characteristics of the soil. In the last few years, a wide variety of 6 remediation technologies have been developed to deal with soil pollution [1] [2] [3] [4] . Among these 7 approaches, it is important to highlight the electrokinetic techniques, which are the result of 8 different processes that occur in a soil when a DC electric potential is applied through a group 9 of electrodes located in the soil [5] [6] [7] [8] . This technology is particularly recommended for the 10 treatment of low-permeability soils contaminated with ionic pollutants [9-14], although it can 11 also be used to remove non-ionic organic pollutants (aided by the use of surfactant solutions 12 as flushing fluids) [15] [16] [17] [18] [19] . 13
14
In electrokinetic processes the soil essentially becomes part of an electrochemical cell. Soils 15 themselves are not electrically or ionically conductive materials and the moisture is the real 16 electrolyte in these electrochemical processes. For this reason, electrokinetic processes often 17 require the addition of flushing fluids to guarantee hydraulic saturation, to enhance the 18 conductivity of soils and to maintain the ionic circuit in the soil. In addition, the flushing fluid 19 may contain substances that favour the treatment by increasing the mobility of the pollutants. 20
In the case of soils polluted with inorganic compounds (e.g. heavy metals) the flushing fluid 21 is usually an acidic or basic pH buffer solution depending on the properties of the particular 22 pollutant to be removed. On the other hand, if the soils are polluted with hydrophobic organic 23 compounds (HOCs), the flushing fluids usually contain substances that increase the polarity 24 of these pollutants and hence their solubility in water. These substances are typicallysurfactants and they are able to improve the mass-transfer of HOCs from the soil into the 1 aqueous phase by decreasing the interfacial tension and by accumulating HOCs within 2 surfactant micelles. 3
4
In recent years several reports have focussed on this topic [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Most of these studies were 5 carried out on the laboratory scale and the soil electro-remediation reactor consisted of a 6 hermetic column or a rectangular cell with a volume of less than 1 dm 3 . Kaolinite is 7 frequently used as a model for low-permeability soils [30] [31] [32] [33] [34] [35] [36] [37] [38] . Generally, flushing fluids 8 consist of aqueous solutions containing surfactants, although cyclodextrins and cosolvents 9 such as ethanol have also been used. The use of these synthetic soils, pollutants and flushing 10 fluids has contributed to our knowledge of the fundamentals of electrokinetic processes. 11
12
At this point, it is important to note that very few applications have been assessed on a large 13 scale and our current knowledge regarding such processes is limited to the results obtained in 14 laboratory scale studies in which the electrodes are situated in independent chambers of an 15 electrokinetic reactor [10, 14, 15, 20, 21, 25, 26] . The extrapolation of such results to a real 16 application without an appropriate scale-up study would be unwise. Many of the 17 technological processes available (especially those running at the full-scale level) are 18 developed within the R&D departments of large companies (e.g. Dupont, Monsanto) or by 19 small companies that are fully devoted to the development of remediation technologies (e.g. 20
Hak Milieutechniek BV). These companies are clearly not concerned with publishing their 21 results (as proprietary technology is their main commercial advantage) but in selling the 22 process for full-scale soil and/or groundwater remediation. 23 24 contained different salts in order to simulate the composition of surface water (Table 1) . 1 Sodium dodecyl sulphate (SDS) was used as a model anionic surfactant, 2 alkylbenzyldimethylammonium chloride (ABDMA) was used as a representative cationic 3 surfactant and polyoxyethylene sorbitan monooleate (Tween 80) was used as a representative 4 non-ionic surfactant. In all cases the surfactant concentration was 10 g/l. These compounds 5 were selected to evaluate the influence of the nature of the flushing fluid in electrokinetic 6 processes. Cationic surfactants are not commonly used in electrokinetic remediation. 7
However, the use of such systems in flushing fluids allowed us to evaluate the adsorption of 8 this type of compound in clay soils. The properties of the surfactants are given in Table 2 . 9 10
Experimental setup. 11
All of the electrokinetic experiments were carried out in a mock-up electro-remediation plant 12 ( Figure 1 ). Kaolinite was selected as the model for clay soil. This soil is characterized by its 13 lack of reactivity, low hydraulic conductivity, lack of organic content and low cation 14 exchange capacity. The properties of the particular synthetic soil used in this study are 15 presented in Table 3 . The soil was loaded into an electrochemical reactor (LWH = 70 × 50 × 16 50 cm) that was constructed from a methacrylate polymer. The model soil consisted of two 17 materials: kaolinite and gravel, the latter of which was used to simulate the unsaturated 18 stratum located beneath the clay (17 dm 3 ). The soil was compacted for two days with a 19 compacting load of 140 kg m -2 . The electrode distribution was two rows of three electrodes 20 separated by 40 cm and positioned face to face. Electrodes with the same polarity were 21 separated by 12 cm; these electrodes were located in semi-permeable electrolyte wells. 22
Porous graphite was selected as the material for the anodes and cathodes, both of which had a 23 height of 10 cm. A constant voltage gradient (ranging from 0.5 to 2.0 VDC cm -1 ) was applied 24 using a power supply (Delta Elektronika BV, with a maximum output of 400 V and 4 A).
Under these experimental conditions, the current intensity ranged from 0.2 to 0.5 A. The 1 flushing fluid was injected into the anodic wells through electro-valves because it was 2 necessary to compensate for the water transported from anodic wells to cathodic wells by 3 electro-osmosis (the flushing direction in most experiments was from the anodic to the 4 cathodic wells). The electro-valves were controlled by a level controller located within the 5 wells in order to provide a constant level in the anodic wells. The cathodic wells were 6 connected to three drain tanks, each of which had a volume of 0.1 dm 3 . The objective of these 7 drain tanks was to collect all of the fluid transported through the soil. Prior to starting the 8 experiments, the cathodic wells were filled with water and the anodic wells were filled with 9 the appropriate flushing solution. As discussed later, in some experiments the flushing 10 direction is reversed. In those cases, the electro-valves were placed in the cathodic wells to 11 feed the flushing solution and the drain tanks were located in the anodic wells (not shown in 12 the Figure) from 0.5 to 2 VDC/cm). In each experiment the system was allowed to reach a steady state, 24 which was assumed to be achieved when the electric current was stable. The cell current,volume accumulated in the cathodic drain tanks, electrolyte pH and conductivity in the 1 anodic and cathodic compartments were measured periodically during the experiments. 2 Conductivity and pH measurement allowed the determination of the variable profiles from 3 the anode to the cathode side. 4
Electrical efficiency. 5
The current density was used to determine the electric consumption (EC) in electro-6 remediation experiments and this was calculated using Eq. (1), where E (V) is the potential 7 applied, I (A) is the electric current and Qeo is the electro-osmotic flow (in dm 3 h -1 ). EC 8 determines the power necessary to transport 1 dm 3 by the electro-osmosis process. 9
Analyses. 11
The surfactant concentration was evaluated by monitoring the chemical oxygen demand 12 using a HACH DR2000 analyzer [39] . 13 From the dynamics point of view, it can be observed that electro-osmotic fluxes achieve a 22 steady state response from the very beginning of the process but that this response is obtained 23 around four hours later in the case of the current intensity. In this context, it must be borne in 24 mind that electro-osmotic flux is believed to depend mainly on the electric voltage gradient, 25 which was kept constant in all tests, while the current density depends on the anodic and 1 cathodic reactions that take place on the surface of the electrodes in the wells. In this respect, 2 water electrolyses produce large quantities of protons in the anodic wells and hydroxyl anions 3 in the cathodic ones -these species are associated with the oxygen and hydrogen evolution 4 processes, respectively. This increase in the ion concentration leads to an increase in the 5 resulting conductivity and this may explain the increase in the electric current, as voltages 6
were kept constant during all experiments. With respect to the small time-constant of the 7 electro-osmotic flux, it must be borne in mind that the almost constant flow-rate values 8 correspond to a pseudo steady-state response, not to a real steady-state response, because 9 saturation of the soil with the flushing fluid from the initial soil with a surfactant content of 10 zero would require a very long time (weeks and even months). The shorter time-scale used in 11 this work is negligible with respect to the time necessary to study these slower processes. important to mention that in those studies the surfactant concentration was three times higher indicates that these compounds should not be dosed directly into the electrolyte wells (to 8 which only water should be added). Indeed, these results suggest that the surfactant should be 9 added to non-electrolytic wells positioned inside the zone enclosed by the two electrode rows 10 so that it can be dragged by the electro-osmotic flux and also by migration (in the case of 11 charged surfactants). In addition, this approach ensures the total disappearance of this 12 compound from the treated soil once it has been used to mobilize the organic pollutants. 
